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RESUMEN
Favor de proporcionar un resumen en espan˜ol. If you are unable to translate your abstract
into Spanish, the editors will do it for you. We discuss a new technique of studying magnetic fields
in diffuse astrophysical media, e.g. interstellar and intergalactic gas/plasma. This technique is based on the
angular momentum alignment of atoms and ions in their ground or metastable states. As the life-time of atoms
in such states is long, the alignment induced by anisotropic radiation is susceptible to weak magnetic fields
(1G
∼
> B
∼
> 0.1µG). The alignment reveals itself in terms of the polarization of the absorbed and emitted light.
A variety of atoms with fine or hyperfine splitting of the ground or metastable states exhibit the alignment
and the resulting polarization degree in some cases exceeds 20%. We show that in the case of absorption the
polarization direction is either parallel or perpendicular to magnetic field, while more complex dependencies
emerge for the case of emission of aligned atoms. We show that the corresponding studies of magnetic fields
can be performed with optical and UV polarimetry. A unique feature of these studies is that they can reveal
the 3D orientation of magnetic field. In addition, we point out that the polarization of the radiation arising
from the transitions between fine and hyperfine states of the ground level can provide yet another promising
diagnostics of magnetic fields, including the magnetic fields in the Early Universe. We mention several cases
of interplanetary, circumstellar and interstellar magnetic fields for which the studies of magnetic fields using
ground state atomic alignment effect are promising.
ABSTRACT
We discuss a new technique of studying magnetic fields in diffuse astrophysical media, e.g. interstellar and
intergalactic gas/plasma. This technique is based on the angular momentum alignment of atoms and ions in
their ground or metastable states. As the life-time of atoms in such states is long, the alignment induced by
anisotropic radiation is susceptible to weak magnetic fields (1G
∼
> B
∼
> 0.1µG). The alignment reveals itself in
terms of the polarization of the absorbed and emitted light. A variety of atoms with fine or hyperfine splitting
of the ground or metastable states exhibit the alignment and the resulting polarization degree in some cases
exceeds 20%. We show that in the case of absorption the polarization direction is either parallel or perpendicular
to magnetic field, while more complex dependencies emerge for the case of emission of aligned atoms. We show
that the corresponding studies of magnetic fields can be performed with optical and UV polarimetry. A unique
feature of these studies is that they can reveal the 3D orientation of magnetic field. In addition, we point
out that the polarization of the radiation arising from the transitions between fine and hyperfine states of the
ground level can provide yet another promising diagnostics of magnetic fields, including the magnetic fields in
the Early Universe. We mention several cases of interplanetary, circumstellar and interstellar magnetic fields
for which the studies of magnetic fields using ground state atomic alignment effect are promising.
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1. STUDIES OF ASTROPHYSICAL MAGNETIC
FIELDS
Magnetic fields play extremely important roles in
many astrophysical circumstances, e.g., the interstel-
lar medium, intergalactic medium and quasars, etc.
Unfortunately, there are only a few techniques for
magnetic field studies that are available (see below).
1CITA, 60 St George St, Toronto, M5S 3H8, Canada
2University of Wisconsin-Madison, 475 Charter St., USA
Each technique is sensitive to magnetic fields in par-
ticular environment. Therefore even the directions
of magnetic field obtained for the same region of sky
with different techniques differ substantially. The
simultaneous use of different techniques provides a
possibility of magnetic field tomography.
Polarimetry of aligned dust provides a way of
studying magnetic field direction in the diffuse in-
terstellar medium, molecular clouds, circumstellar
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and interplanetary medium (see review by Lazarian
2007). Substantial progress in the understanding of
grain alignment has been achieved in the last decade
making the technique more reliable. The technique
is, however, challenging to apply to low column den-
sities, as the polarization signal becomes too weak.
It has other limitations when dealing with high den-
sities (Cho & Lazarian 2005).
Polarimetry of some molecular lines using the
Goldreich-Kylafis (1982) effect has recently been
shown to be a good tool for magnetic field studies in
molecular clouds (see Girart, Crutcher & Rao 1999).
However, the magnetic field direction obtained has
an uncertainty of 90 degrees, which may be confus-
ing. The technique is most promising for dense CO
clouds.
Zeeman splitting (see Crutcher 2004) provides a
good way to get magnetic field strength, but the
measurements are very time consuming and only the
strongest magnetic fields are detectable this way (see
Heiles & Troland 2004).
Synchrotron emission/polarization as well as
Faraday rotation provide an important means to
study magnetic fields either in distinct regions with
strong magnetic fields or over wide expanse of the
magnetized diffuse media (Haverkorn 2005).
Here we discuss a new promising technique to
study magnetic fields in diffuse medium. The re-
cent development of this field can be found in Yan
& Lazarian (2006, 2007, 2008 henceforth YLa,b,c).
The technique employs spectral-polarimetry and
makes use of the ability of atoms and ions to
be aligned in their ground state by the external
anisotropic radiation. The aligned atoms interact
with the astrophysical magnetic fields to get re-
aligned. As the life time of the ground state is long,
even weak magnetic fields can be detected this way.
The requirement for the alignment in the ground
state is the fine or hyperfine splitting of the ground
state. The latter is true for many species present in
diffuse astrophysical environments. Henceforth, we
shall not distinguish atoms and ions and use word
“atoms” dealing with both species. This technique
can be used for interstellar3, and intergalactic stud-
ies as well as for studies of magnetic fields in QSOs
and other astrophysical objects.
The effect of ground-state atomic alignment is
based on the well known physics. In fact, it has
been known that atoms can be aligned through inter-
actions with the anisotropic flux of resonance emis-
sion (see review Happer 1972 and references therein).
3Here interstellar is understood in a general sense, which,
for instance, includes refection nebulae.
Alignment is understood here in terms of orientation
of the angular momentum vector J, if we use the
language of classical mechanics. In quantum terms
this means a difference in the population of sublevels
corresponding to projections of angular momentum
to the quantization axis. Whenever this does not
cause confusion, we use ”atomic alignment” instead
of more precise ”ground-state atomic alignment”.
It is worth mentioning that atomic alignment
was studied in laboratory in relation with early-day
maser research4 (see Hawkins 1955). This effect was
discussed in the interstellar medium context by Var-
shalovich (1968) for an atom with a hyperfine split-
ting. Varshalovich (1971) pointed out that atomic
alignment enables us to detect the direction of mag-
netic fields in the interstellar medium, but did not
provide a necessary quantitative study.
A case of emission of an idealized fine struc-
ture atom subject to a magnetic field and a beam
of pumping radiation was conducted in Landolfi &
Landi Degl’Innocenti (1986). However, in that case,
an idealized two-level atom was considered. In ad-
dition, polarization of emission from this atom was
discussed for a very restricted geometry of observa-
tions, namely, the magnetic field is along the line of
sight and both of these directions are perpendicular
to the beam of incident light. This made it rather
difficult to use this study as a tool for practical map-
ping of magnetic fields in various astrophysical envi-
ronments.
It should be pointed out that the atomic align-
ment we deal with in this paper differs from the
Hanle effect that solar researcher have studied.
Hanle effect is depolarization and rotation of the
polarization vector of the resonance scattered lines
in the presence of a magnetic field, which hap-
pens when the magnetic splitting becomes compa-
rable to the decay rate of the excited state of an
atom. The research into emission line polarimetry
resulted in important change of the views on solar
chromosphere (see Landi Degl’Innocenti 1983, 1984,
1998, Stenflo & Keller 1997, Trujillo Bueno & Landi
Degl’Innocenti 1997, Trujillo Bueno et al. 2002).
However, these studies correspond to a setting dif-
ferent from the one we consider here. In this paper
we concentrate on the weak field regime, in which
it is the atoms at ground level that are repopulated
due to magnetic precession, while the Hanle effect is
negligible for the upper state. This is the case, for
instance, of the interstellar medium. The polariza-
tion of absorption lines is thus more informative. In
4Our studies in YLa) revealed that the mathematical treat-
ment of the effect was not adequate, however.
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many cases, we are in optically thin regime, so we do
not need to be concerned about radiative transfer.
2. CONDITIONS FOR ATOMIC ALIGNMENT
The basic idea of the atomic alignment is quite
simple. The alignment is caused by the anisotropic
deposition of angular momentum from photons. In
typical astrophysical situations the radiation flux is
anisotropic (see Fig.1right). As the photon spin is
along the direction of its propagation, we expect that
atoms scattering the radiation from a light beam to
be aligned. Such an alignment happens in terms of
the projections of angular momentum to the direc-
tion of the incoming light. For atoms to be aligned,
their ground state should have non-zero angular mo-
mentum. Therefore fine (or hyperfine) structure is
necessary to enable various projection of atomic an-
gular momentum to exist in their ground state.
2.1. Basics of atomic alignment
Let us discuss a toy model that provides an in-
tuitive insight into the physics of atomic alignment.
Consider an atom with its ground state correspond-
ing to the total angular momentum I = 1 and the
upper state corresponding to the angular momentum
I = 0 (Varshalovich 1971). If the projection of the
angular momentum to the direction of the incident
resonance photon beam isM , the upper stateM can
have values −1, 0, and 1, while for the upper state
M=0 (see Fig.1left). The unpolarized beam contains
an equal number of left and right circularly polarized
photons whose projections on the beam direction are
1 and -1. Thus absorption of the photons will induce
transitions from the M = −1 and M = 1 sublevels.
However, the decay from the upper state populates
all the three sublevels on ground state. As the result
the atoms accumulate in the M = 0 ground sublevel
from which no excitations are possible. Accordingly,
the optical properties of the media (e.g. absorption)
would change.
The above toy model can also exemplify the role
of collisions and magnetic field. Without collisions
one may expect that all atoms reside eventually at
the sublevel of M = 0. Collisions, however, redis-
tribute atoms to different sublevels. Nevertheless, as
disalignment of the ground state requires spin flips,
it is less efficient than one might naively imagine
(Hawkins 1955). The reduced sensitivity of aligned
atoms to disorienting collisions makes the effect im-
portant for various astrophysical environments.
Owing to the precession, the atoms with differ-
ent projections of angular momentum will be mixed
up. Magnetic mixing happens if the angular momen-
tum precession rate is higher than the rate of the
excitation from the ground state, which is true for
many astrophysical conditions, e.g., interplanetary
medium, ISM, intergalactic medium, etc. As the re-
sult, angular momentum is redistributed among the
atoms, and the alignment is altered according to the
angle between the magnetic field and radiation field
θr (see Fig.1right). This is the classical picture.
In quantum picture, if magnetic precession is
dominant, then the natural quantization axis will be
the magnetic field, which in general is different from
the symmetry axis of the radiation. The radiative
pumping is to be seen coming from different direc-
tions according to the angle between the magnetic
field and radiation field θr, which results in different
alignment.
The classical theory can give a qualitative inter-
pretation which shall be utilized in this paper to pro-
vide an intuitive picture. Particularly for emission
lines, both atoms and the radiation have to be de-
scribed by the density matrices in order to obtain
quantitative results. This is because there is coher-
ence among different magnetic sublevels on the up-
per state.
All in all, in order to be aligned, first, atoms
should have enough degrees of freedom: namely, the
quantum angular momentum number must be ≥ 1.
Second, the incident flux must be anisotropic. More-
over, the collisional rate should not be too high.
While the latter requires special laboratory condi-
tions, it is applicable to many astrophysical envi-
ronments such as the outer layers of stellar atmo-
spheres, the interplanetary, interstellar, and inter-
galactic medium.
Many species satisfy the above conditions and
can be aligned. The corresponding lines (including
both absorption and emission) lines can be used as
the diagnostics. A number of lines with the max-
imum degree of polarization have been provided in
YLa,b,c. Table 1 lists a couple of lines we recently
calculated as suggested by a number of observers.
2.2. Relevant Timescales
Various species with fine structure can be
aligned. A number of selected transitions that can
be used for studies of magnetic fields are listed in
YLa,b,c and table 1. Why and how are these lines
chosen? We gathered all of the prominent interstel-
lar and intergalactic lines (Morton 1975, Savage et
al. 2005), from which we take only alignable lines,
namely, lines with ground angular momentum num-
ber Jg(orFg) ≥ 1. The number of prospective tran-
sitions increases considerably if we add QSO lines.
In fact, many of the species listed in the Table 1 in
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θ
Pumping source
θr Bθ0
Fig. 1. Left: A toy model to illustrate how atoms are aligned by anisotropic light. Atoms accumulate in the ground
sublevel M = 0 as radiation removes atoms from the ground states M = 1 and M = −1; right: Typical astrophysical
environment where the ground-state atomic alignment can happen. A pumping source deposits angular momentum to
atoms in the direction of radiation and causes differential occupations on their ground states. In a magnetized medium
where the Larmor precession rate νL is larger than the photon arrival rate τ
−1
R
, however, atoms are realigned with
respect to magnetic field. Atomic alignment is then determined by θr, the angle between the magnetic field and the
pumping source. The polarization of scattered line also depends on the direction of line of sight, θ and θ0. (From YLc)
TABLE 1
THE POLARIZATION OF TWO EMISSION LINES.
Species Nuclear spin Lower level Upper level Wavelength Pmax
Al II 5/2 1S0 1P
o
1 8643A˚ 20%
C I 0 3P o0 3P
o
1 610µm 20%
Verner, Barthel, & Tytler (1994) are alignable and
observable from the ground because of the cosmolog-
ical redshifts. In this paper we do not consider such
transitions.
In terms of practical magnetic field studies, the
variety of available species is important in many as-
pects. One of them is a possibility of getting addi-
tional information about environments. Let us illus-
trate this by considering the various rates (see Table
2) involved. Those are 1) the rate of the Larmor
precession, νL, 2) the rate of the optical pumping,
τ−1R , 3) the rate of collisional randomization, τ
−1
c , 4)
the rate of the transition within ground state, τ−1T .
In many cases νL > τ
−1
R > τ
−1
c , τ
−1
T . Other rela-
tions are possible, however. If τ−1T > τ
−1
R , the transi-
tions within the sublevels of ground state need to be
taken into account and relative distribution among
them will be modified (see YLa,c). Since emission
is spherically symmetric, the angular momentum in
the atomic system is preserved and thus alignment
persists in this case. In the case νL < τ
−1
R , the mag-
netic field does not affect the atomic occupations and
atoms are aligned with respect to the direction of ra-
diation. From the expressions in Table 2, we see, for
instance, that magnetic field can realign CII only at
a distance r
∼
> 7.7Au from an O star if the magnetic
field strength ∼ 5µG.
If the Larmor precession rate νL is comparable to
any of the other rates, the atomic line polarization
becomes sensitive to the strength of the magnetic
field. In these situations, it is possible to get infor-
mation about the magnitude of magnetic field.
Fig.2 illustrates the regime of magnetic field
strength where atomic realignment applies. Atoms
are aligned by the anisotropic radiation at a rate
of τ−1R . Magnetic precession will realign the atoms
in their ground state if the Larmor precession rate
νL > τ
−1
R . In contrast, if the magnetic field gets
stronger so that Larmor frequency becomes compa-
rable to the line-width of the upper level, the upper
level occupation, especially coherence is modified di-
rectly by magnetic field, this is the domain of Hanle
effect, which has been extensively discussed for stud-
ies of solar magnetic field (see Landi Degl’Innocenti
2004 and references therein). When the magnetic
splitting becomes comparable to the Doppler line
width νD, polarization appears, this is the “magne-
tograph regime” (Landi Degl’Innocenti 1983). For
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νL(s
−1) τ−1R (s
−1) τ−1T (s
−1) τ−1c (s
−1)
eB
mec
BJlJuI Am max(fkj , fsf )
88(B/5µ G) 7.4× 105
(
R∗
r
)2
2.3×10−6 6.4
(
ne
0.1cm−3
√
8000K
T
)
× 10−9
TABLE 2
RELEVANT RATES FOR ATOMIC ALIGNMENT. AM IS THE MAGNETIC DIPOLE EMISSION RATE FOR TRANSITIONS AMONG J LEVELS OF THE
GROUND STATE OF AN ATOM. FKJ IS THE INELASTIC COLLISIONAL TRANSITION RATES WITHIN GROUND STATE DUE TO COLLISIONS WITH
ELECTRONS OR HYDROGENS, AND FSP IS THE SPIN FLIP RATE DUE TO VAN DER WAALS COLLISIONS. IN THE LAST ROW, EXAMPLE VALUES
FOR C II ARE GIVEN. τ
−1
R
IS CALCULATED FOR AN O TYPE STAR, WHERE R∗ IS THE RADIUS OF THE STAR RADIUS AND R IS THE DISTANCE
TO THE STAR. (FROM YLA)
magnetic splitting νL ≫ νD, the energy separation
is enough to be resolved, and the magnetic field can
be deduced directly from line splitting in this case. If
the medium is strongly turbulent with δv ∼ 100km/s
(so that the Doppler line width is comparable to
the level separations νD ∼ ν∆J), interferences occur
among these levels and should be taken into account.
Long-lived alignable metastable states that are
present for some atomic species between upper and
lower states may act as proxies of ground states. Ab-
sorptions from these metastable levels can also be
used as diagnostics for magnetic field therefore.
3. APPLICATIONS: SYNTHETIC
OBSERVATION OF VARIOUS
OBJECTS-FROM SOLAR SYSTEM TO
EARLY UNIVERSE
3.1. Magnetic field traced by the Sodium in comet
wake
As an illustration, we discuss here a synthetic ob-
servation of a comet wake. Though the abundance
of sodium in comets is very low, its high efficiency of
scattering sunlight makes it a good tracer (Thomas
1992). It was suggested by Cremonese & Fulle (1999)
there are two categories of sodium tails. Apart from
the diffuse sodium tail superimposed on dust tail,
there is also a third narrow tail composed of only
neutral sodium and well separated from dust and
ion tails. This neutral sodium tail is characterized by
fast moving atoms from a source inside the nuclear
region and accelerated by radiation pressure through
resonant D line scattering. While for the diffuse tail,
sodium are considered to be released in situ by dust,
it is less clear for the second case. Possibly the fast
narrow tail may also originate from the rapidly frag-
menting dust in the inner coma (Cremonese et al.
2002).
The gaseous sodium atoms in the comet tail ac-
quires not only momentum, but also angular momen-
tum from the solar radiation, i.e. they are aligned.
Distant from comets, the Sun can be considered a
Fig. 2. Different regimes divided according to the
strength of magnetic field and the Doppler line width.
Atomic realignment is applicable to weak field (< 1G) in
diffuse medium. Level interferences are negligible unless
the medium is substantially turbulent (δv
∼
> 100km/s)
and the corresponding Doppler line width becomes com-
parable to the fine level splitting ν∆J . For strong mag-
netic field, Zeeman effect dominates. When magnetic
splitting becomes comparable to the Doppler width, σ
and pi components (note: we remind the reader that σ
is the circular polarization and pi represents the linear
polarization.) can still distinguish themselves through
polarization, this is the magnetograph regime; Hanle ef-
fect is dominant if Larmor period is comparable to the
lifetime of excited level ν−1
L
∼ A−1; similarly, for ground
Hanle effect, it requires Larmor splitting to be of the or-
der of photon pumping rate; for weak magnetic field (<
1G) in diffuse medium, however, atomic alignment is the
main effect provided that νL = 17.6(B/µG)s
−1 > τ−1
R
.
(From YLc)
point source. As shown in Fig.3, the geometry of the
scattering is well defined, i.e., the scattering angle
θ0 is known. The polarization of the sodium emis-
sion thus provides an exclusive information of the
magnetic field in the comet wake. Embedded in So-
lar wind, the magnetic field is turbulent in a comet
wake. We take a data cube (Fig.3) from MHD sim-
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v
Fig. 3. Left: simulated magnetic field distribution in the comet wake; right: the map of a synthetic observation of the
polarization of Na D2 emission from the comet wake. (From YLb)
ulations of a comet wake. Depending on its direc-
tion, the embedded magnetic field alter the degree
of alignment and therefore polarization of the light
scattered by the aligned atoms. Therefore, fluctu-
ations in the linear polarization are expected from
such a turbulent field. The calculation is done for
the equilibrium case. If otherwise, the result for de-
gree of polarization will be slightly different (
∼
< %10)
depending on the number of scattering events expe-
rienced by atoms (see YLb). The direction of polar-
ization, nevertheless, should be the same as in the
equilibrium cases. Except from polarization, inten-
sity can also be used as a diagnostic. By comparing
observations with it, we can determine whether mag-
netic field exists and their directions. For interplan-
etary studies, one can investigate not only spatial,
but also temporal variations of magnetic fields. Since
alignment happens at a time scale τR, magnetic field
variations on this time scale will be reflected. This
can allow cost effective way of studying interplane-
tary magnetic turbulence at different scales.
3.2. Magnetic field in the circumstellar region
Aligned species can also be used to diagnose the
magnetic field in the circumstellar region. We per-
formed calculations for a circumstellar envelope with
uniform magnetic field. Fig.4 shows the correspond-
ing polarization of scattered light from aligned O I
atoms.
3.3. Magnetic field in the epoch of reionization?
The issue of magnetic field at the epoch of reion-
ization is a subject of controversies. The fact that
the levels of an atomic ground state can be aligned
through anisotropic pumping suggest us a possibil-
ity of using atomic alignment to diagnose whether
magnetic field exists at that early epoch.
−2 −1 0 1 2−2
−1
0
1
2
x
J
u
=3/2
y
Fig. 4. Polarization vectors of OI emission in a circum-
stellar region with uniform magnetic field. The inclina-
tion of magnetic field is 30 degree from the light of sight.
The magnetic field is in the y direction in the plane of
sky.
In the case of nonzero magnetic field, the density
matrices are determined by θr, the angle between
magnetic field and the symmetry axis of the mag-
netic field, as well as the parameter β = BIν/BmIm,
the ratio of UV excitation rate to the CMB exci-
tation rate. The degree of polarization is propor-
tional to β. In Fig.5, we show the dependence of
the ratios P/(τβ) on θr and θ, where τ is the op-
tical depth. The line is polarized either parallel
(P > 0) or perpendicular (P < 0) to the magnetic
field. The switch between the two cases happen at
θr = θV = 54.7
o, 180 − 54.7o, which is a common
feature of polarization from aligned level (see YLa,b
for detailed discussions).
We discussed pumping of hyperfine lines [H I]
21 cm and [N V] 70.7 mm in YLb and fine line [O
I] 63.2µm in YLc. The most recent result on [CI]
610µm is shown in Table 1. Certainly this effect
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Fig. 5. The contour plots of equal percentages of the
polarization P/(τβ). θr, θ are respectively the angles of
the incident radiation and l.o.s. from the magnetic field.
(From YLb).
widely exists in all atoms with some structure on
ground state, e.g., Na I, K I, fine structure lines, [C
II], [Si II], [N II], [N III], [O II], [O III],[S II], [S III],
[S IV], [Fe II], etc (see Table 4.1 in Lequeux 2005).
Many atomic radio lines are affected in the same way
and they can be utilized to study the physical condi-
tions, especially in the early universe: abundances,
the extent of reionization through the anisotropy
(or localization) of the optical pumping sources, and
magnetic fields, etc.
4. DISCUSSION
4.1. Range of applicability
An incomplete list of objects where effects of
alignment should be accounted for arises from our
studies, which include this paper, as well as YLa,b.
These include diffuse medium in the early Universe,
quasars, AGNs, reflection nebulae, high and low den-
sity ISM, circumstellar regions, accretion disks and
comets. One can easily add more astrophysical ob-
jects to this list. For instance, Io sodium tail can be
studied the same way as sodium tail of comets.
In general, in all environment when optical
pumping is fast compared with the collisional pro-
cesses we expect to see effects of atomic alignment
and magnetic realignment of atoms. The wide vari-
ety of atoms with fine and hyperfine structure of lev-
els ensures multiple ways that the information can be
obtained. Comparing information obtained through
different species one can get deep insights into the
physics of different astrophysical objects. If the im-
plications of atomic alignment influenced the under-
standing of particular features of the Solar spectrum,
then the studies of atomic alignment in a diffuse as-
trophysical media can provide much deeper and yet
unforeseen changes in our understanding of a wide
variety of physical processes.
As the resolution and sensitivity of telescopes in-
creases, atomic alignment will be capable to probe
the finer structure of astrophysical magnetic fields
including those in the halo of accretion disks, stellar
winds etc. Space-based polarimetry should provide a
wide variety of species to study magnetic fields with.
4.2. Polarization of absorption lines
The direction of polarization has the same pat-
tern, namely, either ‖ or ⊥ to the magnetic field on
the plane of sky (YLa). In fact, this should be ap-
plicable to all absorption lines (including molecular
lines) regardless of their different structures.
This fact is very useful in practice. It means that
even we do not have an exact prediction and precise
measurement of the degree of polarization of the ab-
sorption lines. We can have a 2D mapping of mag-
netic field on the plane of sky within an accuracy
of 90o once we observe their direction of polariza-
tions. In this sense, it has some similarity with the
Goldreich-Kylafis effect although it deals with radio
emission lines.
For absorption lines, there is inevitably dilution
along line of sight, which adds another dependence
on the ratio of alignable column density and total
column density Na/Ntot. For different species, this
ratio is different. The ratio should be close to 1 for
highly ionized species which only exist near radia-
tion sources. The same is true for the absorption
from metastable state (see Paper I). Combining dif-
ferent species (with different Na/Ntot), it is possible
to acquire a tomography of the magnetic field in situ.
4.3. Polarization of emission lines
Compared to absorption lines, emission lines are
more localized and therefore the dilution along the
line of sight can be neglected. The disadvantage of
emission lines compared to absorption lines is that
the direction of the polarization of emission lines has
a complex dependence on the direction of the mag-
netic field and the illusion light. Therefore, the use of
emission lines is more advantageous when combined
with other measurements.
We considered the situation that atoms are sub-
jected to the flow of photon that excite transitions
at the rate τ−1R = BluJ¯
0
0 which is smaller than the
Larmor precession rate νL, but larger than the rate
of disalignment due to collisions τ−1c . For the cold
gas with 30 hydrogen atoms per cubic cm, the char-
acteristic range over which the atoms can be aligned
by an O star is
∼
< 15pc for HI due to spin exchange
collisions (with rate C10/nH = 3.3× 10
−10cm3s−1).
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4.4. Radio Emission Lines Influenced by Optical
Pumping
Anisotropic optical pumping also influences the
magnetic dipole transitions between the sublevels of
the ground state. We briefly discussed this in §3.3
and YLb,c. We showed that the emission arising
from such atoms is polarized, which provides a new
way of studying magnetic fields. Apart from appar-
ent galactic and extragalactic applications, this may
be an interesting process to study magnetic fields
at the epoch of reionization, which hopefully will be
available with the instruments are currently under
construction. Atomic alignment has some similar-
ity to Goldreich-Kylafis effect, which also measures
magnetic field through magnetic mixing (Goldreich
& Kylafis 1982; Girart, Crutcher, & Rao 1999).
However, Goldreich-Kylafis effect is due to the ra-
dio pumping. Atomic alignment, on the other hand,
happens with ground states as a result of optical and
UV pumpings.
4.5. Comparison to using aligned grains
In our studies we were focused on new ways to
study magnetic field that atomic alignment of the
atoms/ions with fine and hyperfine structure pro-
vides. Being alignable in their ground state, these
species can be realigned in weak magnetic fields,
which is extremely good news for the studies of weak
magnetic fields in astrophysical diffuse gas. The lat-
ter studies are currently very limited, with polarime-
try based on grain alignment being the most widely
used technique (see Whittet 2005 and ref. therein).
However, in spite of the progress of grain alignment
theory (see Lazarian 2007 for a review), the quanti-
tative studies of magnetic fields with aligned atoms
are not always possible. Atoms, unlike dust grains,
have much better defined properties, which allows,
for instance, tomography of magnetic fields by us-
ing different species5, which would be differentially
aligned at different distances from the source. In
addition, ions can trace magnetic fields in the envi-
ronments in which grains cannot survive.
Incidentally, for the grain alignment, anisotropic
radiation has also been identified as a major driving
agent (see Dolginov & Mytrophanov 1976, Draine &
Weingartner 1996, Lazarian & Hoang 2007a). An-
other class of grain alignment mechanisms includes
5As we discussed in YLa long-lived alignable metastable
states that are present for some atomic species between upper
and ground states may act as proxies of ground states. The
life time of the metastable level may determine the distance
from the source over which the atoms are aligned being on
metastable level. Absorption from such metastable levels can
be used as diagnostics for magnetic field in the star vicinity.
the mechanical alignment (see Gold 1952, Roberge
et al. 1995, Lazarian & Hoang 2007b), which arises
from streaming of grains in respect to gas. Inter-
estingly enough, atomic alignment due to collisions
with atoms and ions is feasible as well (see Fineschi &
Landi Degl’Innocenti 1992). For instance, one may
expect that atoms produced by charge exchange of
directed flow of ions and atoms to be aligned.
4.6. Studying time variations of magnetic fields
In fact, rather than compare advantages and dis-
advantages of different ways of studying magnetic
fields, we would stress the complementary nature of
different ways of magnetic field studies. The subject
is starved for both data and new approaches to get-
ting the data. Note, that atomic realignment hap-
pens on the Larmor precession time, which poten-
tially allows to study the dynamics of fast variations
of magnetic fields, e.g., related to MHD turbulence.
Note, that for interplanetary studies, one can in-
vestigate not only spatial, but also temporal varia-
tions of magnetic fields. This can allow cost effective
way of studying interplanetary magnetic turbulence
at different scales.
5. SUMMARY
• Atoms and ions with fine or hyperfine structure
can be aligned in their ground state, providing a way
of getting unique information about weak magnetic
fields in diffuse medium.
• Polarization of optical and UV absorption and
emission lines can be used for the studies making use
of the atomic alignment. 3D direction of magnetic
field may be available, if several aligned transitions
are used.
• Polarization of radio emission arising from de-
cay of the sublevels of the aligned ground state level
opens an alternative avenue of magnetic field studies.
In particular, this may be a way to study magnetic
fields in the Early Universe.
• Variations of the polarization arising from
aligned atoms is found to follow closely the time vari-
ation of magnetic fields, which allow a cost effective
way of studying interplanetary turbulence.
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